We report in this letter the observation of folded acoustic phonons in hydrogenated nanocrystalline silicon/amorphous silicon multilayers with visible emission, which are prepared in a plasma enhanced chemical vapor deposition system. In the low-frequency range of 10-100 cm
͑Received 18 March 1996; accepted for publication 10 July 1996͒ We report in this letter the observation of folded acoustic phonons in hydrogenated nanocrystalline silicon/amorphous silicon multilayers with visible emission, which are prepared in a plasma enhanced chemical vapor deposition system. In the low-frequency range of 10-100 cm
Ϫ1
, the obtained Raman spectra clearly show some folded doublets from longitudinal acoustic phonons. Using the elastic continuum model, we calculated their frequencies and the obtained results were in agreement with the experimental ones. In addition, some broad folded doublets and additional peaks were clearly observed in the sample with thin nancorystalline sublayers. We attributed them to the mixing of longitudinal and transverse acoustic phonons due to the layered structure. A confined acoustic mode was also proposed to be responsible for the strongly folded longitudinal acoustic phonon peak at 61 cm
.
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Vibrational nature and photoluminescence ͑PL͒ properties of nanometer-sized crystallite materials have recently received a great deal of both theoretical and experimental exploration because they exhibit many new quantum phenomena and have favorable applications in optoelectronic devices. [1] [2] [3] [4] [5] [6] In the previous literature, 7 we reported Raman scattering results on alternating hydrogenated nanocrystalline silicon ͑nc-Si:H͒/amorphous silicon ͑␣-Si:H͒ multilayers ͑MLs͒ with visible light emission, which are prepared in a plasma enhanced chemical vapor deposition ͑PECVD͒ system without any postprocessing. According to the position of the crystalline peak superposed on the broad peak of amorphous Si at ϳ480 cm
Ϫ1
, the mean crystallite size and volume fraction of the crystalline were obtained. Since the ␣-Si:H surface surrounding the nanocrystallites eliminates the weak/ unstable Si-Si bonds through the etching effect of ͓H͔ ϩ radicals, the existence of the nanocrystallities with stable structure was considered to be responsible for the stable PL from our MLs samples. Furthermore, we also examined the low-frequency Raman spectra of this kind of PECVD MLs. A series of folded acoustic phonon modes below 100 cm
were observed with large intensities, indicating that our samples are periodic, and the two neighboring sublayers are of different structure. In this letter, we further investigate the low-frequency Raman scattering based on the previous work. [5] [6] [7] Some new and significant results were obtained. We will discuss all the results.
Polished crystal Si wafers with ͑100͒ orientation, p-type and 1-3 ⍀ cm resistivity were used for sample substrates. The MLs samples we used were deposited with a conventional diode glow discharge system with capacitance electrodes. During sample deposition, the substrate temperature was controlled at 300°C, and the rf power density of grow discharge 0.44 W/cm 2 , but it was interrupted at each step of individual layer deposition to keep the interfaces abrupt. Two MLs samples ͑A and B͒ were prepared with 50 periods. The thickness of single nc-Si:H and ␣-Si:H sublayers in sample A were 3 and 8 nm and those in the sample B, 2.2 and 8 nm, respectively. According to the previous result, 7 the corresponding mean crystallite sizes in sample A and B are 3.5 and 2.2 nm. Details of sample preparation have been described in the previous literature. [5] [6] [7] Raman spectra were measured on a SPEX 1403 Raman spectrometer using the 496.5 nm line of Ar ϩ laser as excitation beam. A cooled RCA 3103 photomultiplier tube and photon counting electronics interfaced to a microcomputer were used to collect and analyze the data. The power illuminating the samples was 15 mW focused to an area of about ϫ0.8 2 mm 2 . The samples were kept in air during the Raman spectral measurements. All experiments were performed in unpolarized backscattering geometry at room temperature. A possible error of the incident angle is in the range of 0°ϽϽ5°due to the imperfect backscattering condition. The spectral resolution of the instrument was 2 cm Ϫ1 and the scanning accuracy 0.1 cm
. Figure 1 shows the Raman spectrum of sample A in the low-frequency range of 20-100 cm
. The spectrum clearly displays seven vibrational modes with doublet structure from scattering of low-frequency acoustic phonons. The sharp line shapes of these modes indicate that the sample is of sharp interface and good periodicity. The midfrequencies of these doublets have been denoted in Fig. 1 . In addition, the spectrum is noteworthy in another three aspects: First, the mode a͒ Also at Department of Chemistry, Nanjing University, Nanjing 210093, People's Republic of China; Electronic mail: postphys@nju.edu.cn at 61 cm Ϫ1 has larger intensity than other modes, indicating that the mode has a different origin; second, these folded doublets have different linewidths; third, there exist some fine structures with weak scattered intensities. We assign these Raman peaks mainly to scattering from the folded longitudinal acoustic ͑LA͒ phonons. This assignment is based on the elastic continuum model described below.
The corresponding Raman spectrum of sample B is shown in Fig. 2 . The spectrum also exhibits some folded doublets with a slight shift up to the high frequency region. In addition, a general broadening of peak line shapes and some additional peaks can clearly be observed, indicating that the interface region has a large influence on scattering of the acoustic phonons. The thinner the nc-Si:H sublayer thickness, the more complicated the low-frequency Raman spectrum.
It is well known that the phonon dispersion is approximately linear below about 100 cm Ϫ1 for LA phonons and in this frequency region the crystal can be treated as an elastic continuum. Vibrations in the layered elastic media have been considered previously 8 and the obtained results have successfully been applied to acoustic phonons in superlattices. [9] [10] [11] [12] For our MLs samples with a large amorphous component, the new periodicity along the direction perpendicular to the layers can cause the zone-folded effects on LA phonons. 13 The dispersion relation of LA phonons in a superlattice is as follows:
where From the obtained experimental results, we know that ( ϩ ϩ Ϫ )/2 is correspondent to the theoretical midfrequencies of folded doublets, whereas ⌬ϭ( ϩ Ϫ Ϫ ) is not consistent with the theoretical expectation ⌬, which may be given by Eq. ͑1͒. In the case of existence of a zone-center gap, ⌬ depends not only on q but also on 1/d. For the wave vector q m in the extended zone, ϭmqV eff gives the theoretical misfrequencies of folded phonon modes. 10, 16 The theoretical calculations and experimental values of the folded LA phonon midfrequencies for the samples A and B have been given in Table I. From Table I , it can be seen that for sample A good agreement is achieved between the observed spectral lines and the calculated results. For sample B, we cannot exactly determine the positions of these folded doublets due to the broad line shapes. Therefore, some mode frequencies show a large difference between the calculated and experimental results. In addition, for high order ͑mϭ7 for sample B and 8 for sample A͒ folded modes, the experimental results have a large deviation of ϳ6 cm Ϫ1 from the theoretical prediction.
According to the above analysis, we can know that the obtained low-frequency spectral lines mainly come from scattering of folded LA phonons due to the layered periodic structure in our samples. However, for the folded mode at 61 cm Ϫ1 shown in Fig. 1 , why does it show larger intensity than other modes? To identify its origin, we first assign it to a confined acoustic phonon mode that arises from the elastic vibration of a spherical microcrystal itself.
1,2 If we consider the boundary condition on the surface of microcrystal in addition to the usual vibration theory of the elastic body, two . Some folded doublets and their line shape broadening can clearly be observed. types of vibrational modes can be obtained in a spherical microcrystal: a spheroidal mode with dilation vibration and a torsional mode without dilatation vibration. According to Lamb's theory, 17 we can give the Raman-shift wave number l S and l T of the spheroidal and torsional modes with the branch number nϭ0 and angular momentum l less than 2 as follows:
where V l is the longitudinal sound velocity, d is the diameter of the nc-Si:H nanocrystallities, and c is the vacuum light velocity. For our MLs samples, the longitudinal sound velocity V l of nc-Si:H nanocrystallites is estimated to be about ͑8.2Ϯ0.3͒ϫ10 3 m/s. 18 For the spheriodal modes of lϭ0 and 2 and the torsional mode of lϭ1, they are Raman active according to the selection rules 2 and, therefore, they can be observed in the lowfrequency Raman spectrum. Table II gives some parameters and the calculated results from the sample A related to the confined acoustic phonon modes. Since only the lowest eigenfrequency modes with nϭ0 in both the spheriodal and torsional modes have large amplitudes near the surface of the microcrystal, the 61 cm Ϫ1 mode may come from the contribution of the confined acoustic phonon with torsional vibration of lϭ1. However, according to the symmetrical analysis by Duval, 19 the torsional mode can appear in Raman scattering only for nonspherical nanocrystallites. This implies that the nanocrystallites in our samples are not spherical, they have complicated shapes and different sizes.
Another possible origin for the 61 cm Ϫ1 mode is due to the mixing of folded LA and transverse acoustic ͑TA͒ phonons. It is well known that in any structure with interfaces, both LA and TA are folded. The folded TA phonons have some differences from folded LA frequencies. Therefore, they may enhance the intensities of folded LA phonon modes and give additional Raman peaks. This leads to the appearance of the 61 cm Ϫ1 mode and the broadening of folded LA phonon peaks. For sample B with a thin nc-Si:H sublayer thickness, the disorder in the interface region and the imperfect backscattering condition will strongly enhance the folded effect of TA phonons and lead to further broadening of the Raman peaks. On the other hand, according to previous experimental results, 7 the internal strain exists in our samples and plays an important role in Raman scattering of optical phonons. It makes the nanocrystallites have more complicated vibrational and structural properties. Thus, the internal strain will also modify the low-frequency Raman spectra. For the high order folded modes, they may be attributed to the disorder-activated modes that arise from the unfolded Brillouin zone-edge TA phonon scattering. 16 In conclusion, we have examined the low-frequency Raman scattering of nc-Si:H/␣-Si:H MLs with visible light emission, which are prepared in a PECVD system. In the wave number range of 10-100 cm Ϫ1 , the obtained Raman spectra clearly show some folded doublets from longitudinal acoustic phonons. Using the elastic continuum model, we have calculated the frequencies of these folded acoustic phonons and the obtained results were in agreement with the experimental ones. In addition, due to the complicated interface structure and the imperfect backscattering condition, we attributed the broadening of peak line shapes and some additional peaks to the result of the mixing of folded LA and TA phonons.
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